K ynurenine hydroxylase [L-kynurenine,N ADPH : oxygen oxidoreductase (3-hydroxylating), EC 1.14.13.91 is a mixedfunction oxidase which catalyses the 3-hydroxylation of Lkynurenine, an intermediate in the oxidative metabolism of tryptophan. It is a flavoprotein, and is located in the outer mitochondria1 membrane. Either NADPH or NADH will act as the electron donor: when NADPH is the co-substrate, the K , for kynurenine is slightly lower, and the V,,,, of the reaction slightly higher, than with NADH. The K, for NADPH is 0.25 x 1 0 -J~, compared with 0.5 x 1 0 -4~ for NADH (Shibata, 1978) .
The purified enzyme exists as an oligomer in aqueous media. The monomer has an M , of 160000, and only about 10% of the catalytic activity of the dimer (Nisimoto et al., 1977) . The enzyme contains four mol of FAD per monomer. The apoenzyme can only be partially re-activated by incubation with FAD, suggesting that binding of the prosthetic group involves a considerable conformational change. The apparent K , for FAD is 1.12 x IO-'M, and there is no evidence of co-operativity in the binding of the four mol of FAD: the double reciprocal plot of activity versus FAD is linear. Kynurenine hydroxylase is unusual among flavoproteins in that the fluorescence of the prosthetic group in the holo-enzyme is five to six times greater than that of free flavin nucleotides, suggesting that the binding of FAD in this enzyme is different from that in most flavoproteins (Nisimoto et al., 1977) .
The rate-limiting enzyme of the oxidative metabolism of tryptophan is generally considered to be tryptophan oxygenase (L-tryptophan :oxygen oxidoreductase, EC 1.13.1 I . 1 I). the first enzyme of the pathway (Fig. 1) . However, Knox (1953) noted that when the activity of the oxygenase was increased, for example after induction by glucocorticoid hormones, the activity of kynureninase (Lkynurenine hydrolase, EC 3.7.1.3) became limiting for flux of metabolites through the pathway.
The K , for kynurenine of partially purified kynurenine hydroxylase from rat liver is 18 k 6 p~, compared with a steady-state concentration of kynurenine in the liver of 4.9 * 0 . 9 p~, suggesting that under normal conditions the enzyme acts somewhat below its maximum rate, and therefore has some capacity for increased activity as the hepatic concentration of kynurenine increases (Bender & McCreanor, 1982) .
From the values of K , and V,,,,,. for kynurenine hydroxylase and kynureninase, and knowing approximate steady-state concentations of kynurenine and hydroxykynurenine in the liver, it is possible to calculate that the normal steady-state rate of kynurenine hydroxylation is 0.96 nmol/ min per g of liver, while the rate of hydrolysis of hydroxykynurenine by kynureninase is slightly higher, 1.3 nmol/min per g of liver. Therefore kynurenine hydroxylase is more likely than kynureninase to provide a secondary rate-limiting reaction of the pathway.
Kynurenine hydroxylase is inhibited by xanthurenic acid, the product of transamination of hydroxykynurenine. Since transamination is only an important route of metabolism of kynurenine and hydroxykynurenine when they are present in relatively high concentrations, this will provide an indirect feedback control of kynurenine hydroxylation (Shibata, 1978) . Such regulation of the formation of xanthurenic acid may be physiologically important, since xanthurenic acid forms a complex with insulin that is biologically inactive and may be a factor in oestrogenrelated glucose intolerance (Kotake et al., 1975) .
The oxidative pathway of tryptophan metabolism not only provides a route for total oxidation of tryptophan to acetyl-CoA, but is also the pathway for the synthesis de nooo of the nicotinamide nucleotide coenzymes, NAD and NADP. Animal studies suggest that synthesis de nouo is a more important source of the coenzymes than is the direct utilization of nicotinamide and nicotinic acid, derived from the diet or the hydrolysis of NAD(P) . The extent of NAD(P) synthesis from tryptophan depends to a great extent on the rate of flux of metabolites through the oxidative pathway, since the formation of quinolinic acid, the immediate precursor of the nucleotides, is the result of non-enzymic cyclization of aminocarboxymuconic semialdehyde, in competition with enzyme-catalysed decarboxylation. Quinolinic acid is only formed in significant amounts when picolinate carboxylase is more or less saturated with its substrate (Ikeda et al., 1965) . It is therefore likely that any factor that modifies the flux of metabolites through the pathway will result in a disproportionately large change in the synthesis of the coenzymes. Under conditions where the dietary intake of tryptophan and niacin is marginal, any such inhibition may well precipitate clinical pellagra.
Measurement of the urinary excretion of kynurenine and hydroxykynurenine under various conditions should reflect the relative activity of kynurenine hydroxylase, assuming that tissue and renal clearance of both metabolites is the VOl. 13 BIOCHEMICAL SOCIETY TRANSACTIONS same, and that there is not some other change in the ultimate fate of either. A relatively greater accumulation of kynurenine than of hydroxykynurenine would therefore suggest that hydroxylation is rate-limiting in uiuo. A number of studies have been reported in which there is a change in the ratio of kynurenine/hydroxykynurenine (K/HK ratio) under some conditions. Rose & McGinty (1968) reported individual data for six normal subjects after the ingestion of a 5g dose of tryptophan. In all subjects the urinary excretion of both kynurenine and hydroxykynurenine increased after the administration of cortisol (an inducer of tryptophan oxygenase) together with tryptophan. The basal K/HK ratio was 1.03 f 0.18, rising to 2.04 f 1.04 after the administration of cortisol. In three out of four subjects who were investigated further, treatment with relatively large amounts of riboflavin for 3 days appeared to increase hydroxylation, suggesting that kynurenine hydroxylase may be sensitive to moderate riboflavin deficiency. Musajo & Benassi (1964) showed a mean K/HK ratio of 6.2 in six subjects receiving 50mg of tryptophan/kg body weight, increasing to 22.9 in subjects receiving lOOmg of tryptophan/kg body weight. From the data reported by Michael el al. (1964) the ratio of the mean spontaneous excretion of K/HK was 0.29 in children, rising to 1.35 after lOOmg of tryptophan/kg body weight; in adult men the ratio rose from 0.28 to 1.51 after the same dose, and in women from 0.24 to 1.62. El-Zoghby er al. (19786) showed a similar change, from a K/HK ratio of 0.85 for spontaneous excretion to 1.84 after a tryptophan load.
The hydroxylation of kynurenine may also be ratelimiting in the brain. The steady-state K/HK ratio is 1.4, and after injection of [14C]tryptophan there is relatively more accumulation of label in kynurenine than in hydroxykynurenine. After intraperitoneal administration of [3H]kynurenine there is a considerable accumulation of (Gal & Sherman, 1978) . Kynurenine hydroxylase activity is markedly reduced in hyperthyroidism. The administration of thyroxine to rats results in a fall to 50% of the control activity over several days. This is reflected in a change in the K/HK ratio from 2.6 to 22.2. On withdrawal of the hormone there is a gradual recovery of the enzyme, and a return to the control K/HK ratio. This inhibition of tryptophan oxidative metabolism results in a significant reduction in the synthesis de nouo of nicotinamide nucleotides and a reduction in tissue concentrations of the coenzymes (Okamoto et al., 1971) .
A dietary excess of leucine has been implicated in the aetiology of the niacin-deficiency disease, pellagra (Gopalan & Srikantia, 1960). Magboul & Bender (1983) have confirmed that a relative excess of leucine in the diet inhibits the synthesis of NAD(P) from tryptophan in rats. A number of factors may be involved, including: competition between kynurenine and tryptophan for uptake into tissues; increased activity of picolinate carboxylase (Bender, 1983) and inhibition of kynureninase by leucine and of kynurenine hydroxylase by a-oxoisocaproate, the 0x0 acid of leucine (Magbod& Bender, 1983 ). This last is unlikely to be physiologically important. The inhibition of kynurenine hydroxylase by a-oxoisocaproate is mainly non-competitive, with a K , of 63 k 1 8 m~ (D. A. Bender, unpublished work), while tissue concentrations of a-oxoisocaproate do not normally rise above 5-1Op~ (Hutson & Harper, 1981) . Even feeding a high-leucine diet is unlikely to cause a sufficient accumulation of a-oxoisocaproate to give significant inhibition of kynurenine hydroxylase.
A number of studies have shown that the incidence of pellagra is twice as high in women as in men (Miller, 1978) . An important factor may be inhibition of kynureninase by oestrogen metabolites (Bender & Wynick, 198 1) . Additionally, Bender & Totoe (1984) have shown that in ovariectomized rats receiving oestrone sulphate (1 5 mg/kg of diet, approximately equivalent to doses used in menopausal hormone replacement therapy), the activity of kynurenine hydroxylase in the liver is reduced to 30% of that in control animals. Under these conditions, the activity of kynurenine hydroxylase is certainly lower than that of any other enzyme of tryptophan oxidative metabolism; oestrogen-treated rats have lower tissue concentrations of nicotinamide nucleotides and lower excretion of NL-methylnicotinamide, the end product of NAD(P) metabolism. The mechanism of this action of oestrogens is not clear. The addition of up to 1 mwoestrone sulphate, oestradiol or ethynyloestradiol in vitro has no effect on the activity of the hydroxylase, yet changes in hydroxylase activity are apparent within 12 h of the intraperitoneal injection of ethynyloestradiol into ovariectomized rats (D. A. Bender & J.-F. Bowden, unpublished work).
Endogenous oestrogens may also affect kynurenine hydroxylase. El-Zoghby at al. (1978a) showed that the spontaneous excretion of K/HK was 0.5 in pre-pubertal girls, while in women aged between 23 and 40 years the ratio was 4.7, and in post-menopausal women it was 1.4.
The activity of tryptophan oxygenase is the limiting factor for the entry of tryptophan into the pathway that leads to irreversible oxidative catabolism, and the removal of tryptophan from the body. Nevertheless, it is likely that when the flux of metabolites through the oxidative pathway is increased, as after induction of tryptophan oxygenase by corticosteroid hormones or the administration of a loading dose of tryptophan, or when kynurenine hydroxylase is moderately inhibited, the hydroxylation of kynurenine becomes rate-limiting for the onward metabolism of tryptophan metabolites to nicotinamide nucleotides. Flavoenzymes are involved in a wide variety of enzymic reactions. In contrast to pyridine nucleotides, flavins are always associated with apoproteins, usually in a noncovalent manner, forming rather stable complexes. Other prominent differences between flavin and pyridine nucleotides are the chemical reactivity of reduced flavin towards molecular oxygen and the possibility of formation of catalytically significant addition products between oxidized flavin and nucleophilic compounds. These chemical properties make flavin a versatile biocatalyst participating in oxidation, reduction, oxygenation and electron-transfer reactions. In the following the class of flavin-dependent mono-oxygenases is considered, with special emphasis on the properties and mechanistic aspects of the hydroxylation reaction of aromatic compounds. It should be noted that flavin-dependent mono-oxygenases that also require metal ions for activity fall outside the scope of this paper.
Some general biochemical properties offavin-dependent monooxygenases
The flavoprotein mono-oxygenases are dependent on reduced pyridine nucleotides as electron donors for catalytic activity, hence the name external flavoprotein monooxygenases as opposed to internal flavoprotein monooxygenases where the substrate serves as electron donor (Massey & Hemmerich, 1975) . Most flavin-dependent hydroxylases show a preference for either NADH or NADPH as reductant, but many enzymes can utilize the other pyridine nucleotide as well, although with a less efficient catalytic activity. In studies in uitro the pyridine nucleotide can be substituted by non-physiological reductants, e.g. dithionite, with no influence on the enzymic catalysis.
All external flavin-dependent mono-oxygenases isolated and characterized so far contain FAD as a prosthetic group with the exception of luciferase (Table 1, reaction 12) which uses FMN. In addition it has been proven for most of the reactions shown in Table 1 that the oxygen atom incorporated into the substrate is obtained from molecular oxygen and that the other oxygen atom of 0, is reduced to water. As far as aromatic substrates are concerned the hydroxylation takes place at the position ortho or para to the already present hydroxyl group. From a chemical point of view these substrates are more easily further hydroxylated than non-phenolic compounds. This fact may explain the observation that enzymes solely containing flavin as a prosthetic group suffice to carry out the mono-oxygenation reaction of these compounds. Mono-oxygenation of benzene or benzoate, for instance, requires enzyme systems constituted of flavoproteins and non-haem iron proteins (Axcell & Geary, 1975; Dagley, 1982) . Most of the known flavin-dependent hydroxylases originate from prokaryotic micro-organisms. Thus far only m-hydroxybenzoate hydroxylase (reaction 3) (Prema Kumar et a/., 1969), phenol hydroxylase (reaction 8) (Neujahr & Gaal, 1973) and anthranilate hydroxylase (reaction 1 1) (Anderson & Dagley, 198 1) have been isolated from eukaryntic micro-organisms. m-Hydroxybenzoate hydroxylase (reaction 3) was also isolated from Pseudomonas testosteroni. An enzyme also utilizing m-hydroxybenzoate as a substrate was isolated from P . aeruginosa (reaction 2). The two sets of enzymes differ with respect to the site of hydroxylation (Table 1) . Microsomal FAD-containing mono-oxygenase (reaction 13) (Ziegler & Poulson, 1978) and kynurenine hydroxylase (reaction 14) (Okamoto et a[., 1967) has been isolated from vertebrates. With regard to the substrate specificity, phenol hydroxylase and microsomal FAD-containing mono-oxygenase form exceptions among the enzymes listed in Table  1 , i.e. they show unusually broad substrate specificity. Various dihydroxybenzene compounds besides phenol are hydroxylated by phenol hydroxylase as well. The substrate specificity is even broader for microsomal FAD-containing mono-oxygenase. This enzyme transforms aromatic as well as aliphatic nitrogen-or sulphur-containing compounds into the corresponding N-or S-hydroxylated derivatives, but other derivatives are also formed depending on the structure of the original compounds. The enzyme probably plays an important role in detoxification mechanisms occurring in the liver (Ziegler, 1980) .
Most of the reactions listed in Table 1 are, as expected, characterized by the insertion of one atom of molecular oxygen into the substrate. However, a few reactions exhibit some additional feature. p-Hydroxyphenylacetate hydroxylase from P. acidovorans (reaction 6) is induced only when the micro-organism is grown on p-hydroxyphenylacetate as sole carbon source. This enzyme inserts the oxygen atom at C-l of the substrate and simultaneously displaces the side chain to C-2 of the substrate (Hareland et a/., 1975) . In addition the product is further oxidized by a set of enzymes entirely different from those used for homoprotocatechuate (Hareland e t a / . , 1975) . Salicylate hydroxylase (reaction 9) is unique among the hydroxylases listed in Table 1 in that it is Vol. 13
